Two-dimensional photonic crystals composed of two orthogonal volume diffraction gratings have been photogenerated in photopolymers. When the read beam is set at the Bragg angle, the diffraction efficiency of the transmission grating is strongly enhanced at the band edge of the reflection grating recorded in the material. Such a device provides Bragg operation and enhancement of the diffraction efficiency of the thin diffraction grating together with good wavelength selectivity. Such advantages could be interesting for optical signal processing.
Two-dimensional photonic crystals composed of two orthogonal volume diffraction gratings have been photogenerated in photopolymers. When the read beam is set at the Bragg angle, the diffraction efficiency of the transmission grating is strongly enhanced at the band edge of the reflection grating recorded in the material. Such a device provides Bragg operation and enhancement of the diffraction efficiency of the thin diffraction grating together with good wavelength selectivity. Such advantages could be interesting for optical signal processing.
Transmission gratings are useful for the purpose of optical signal processing. 1 For compact devices, thin nonlinear materials such as polymers, liquid crystals, or semiconductor nanostructures that can also offer large diffraction efficiencies are preferred. [2] [3] [4] [5] However, due to their small thicknesses, these devices operate in the Raman-Nath regime with several diffraction orders, which decreases the effective diffraction efficiency of the order of diffraction used in the device. Moreover, such devices may be highly selective angularly but with practically no wavelength selectivity.
It was recently demonstrated that placing a nonlinear material in a cavity was a good way to enhance both the diffraction efficiency and the angular selectivity of the device, 6, 7 and to reach the Bragg diffraction regime with only one diffraction order even with a thin nonlinear material. 8, 9 However, by using such a device, many diffraction peaks are obtained when one varies the wavelength of the read beam. These peaks are due to the coupling of light with different Fabry-Perot modes. In this Letter we demonstrate the wavelength-selective Bragg operation of a thin transmission diffraction grating integrated in a reflection grating, where both orthogonal gratings form a 2D photonic crystal.
The types of devices studied in this Letter consist of a 2D photonic crystal formed by two orthogonal volume gratings. The read and diffracted beams are in the ͑Y , Z͒ plane. Diffraction occurs on the longperiod transmission grating having fringes parallel to the ͑X , Z͒ plane. As demonstrated hereafter, Bragg operation, diffraction efficiency enhancement, and wavelength selectivity are obtained at the band edge of the small-period reflection grating having partially reflecting fringes parallel to the ͑X , Y͒ plane. Indeed, for a given direction of read beam incidence, light is slowed at the wavelength of the band edge of the Bragg mirror, 10 or equivalently, the local field inside the structure is much higher than outside, which reinforces nonlinear interactions. 11 As the incidence angles have the same absolute value for the read and diffracted beams at the Bragg incidence, diffraction is strongly enhanced for this diffraction order. This is not actually the case for other orders that are diffracted at different angles. This property of the band edges of photonic crystals is the origin of the Bragg operation of thin gratings in our device. Moreover, as the band edge corresponds to a small wavelength bandwidth only, this diffraction device is expected to be wavelength selective, contrary to the case of traditional transmission gratings.
The small sinusoidal index modulation ⌬n of the device considered in this Letter is given by
where the first and second terms correspond to the transmission and reflection gratings, respectively. The reflection grating has a relatively high refractive-index modulation ⌬n Z = 0.045 to obtain high reflectivity in the bandgap of the thick Bragg mirror ͑L =18 m͒ and, consequently, a high localization factor at the band-edge wavelength. The reflection grating period ⌳ Z = 244 nm was chosen to set the band edge at a wavelength around R = 756 nm. This period was estimated using the relation giving the band-edge wavelength with respect to the bandcenter wavelength 0 ,
derived from calculations using the band-edge definition given in Ref. For the experimental demonstration, we used 2D photonic crystals photoinduced in photopolymers. The photopolymer used is the Omnidex HRF-600 provided by DuPont, well known for its capacity for recording high-efficiency reflection gratings. It is a 20 m film sandwiched between two Mylar sheets. The photopolymer is laminated onto a glass substrate after removal of one of the Mylar protection films. After the recording process, the holograms undergo a UV postexposition to consume the remaining monomers, and a thermal process (2 h at 120°C) that increases the refractive-index modulation. The structure is recorded by using two mutually incoherent pairs of beams coming from an Ar + laser to prevent the formation of undesirable gratings.
To record both gratings simultaneously with the appropriate spatial periods, we have to couple the recording beams with prisms because of the beam angles required in the recording medium. Optical contact between the photopolymer and the prisms is ensured by an index-matching oil. The configuration of the beams is illustrated in Fig. 1 . Irradiances were nearly 70 mW/ cm 2 for the reflection grating and 12 mW/ cm 2 for the transmission grating to reach the appropriate refractive-index modulations ⌬n Z = 0.045 and ⌬n Y = 0.000 15.
To test the fabricated 2D photonic crystals, a read beam was sent at the nominal Bragg angle ( B = 5.3°c orresponding to the period ⌳ Y = 4.12 m of the transmission grating read at a wavelength R = 756 nm), and the reflectivity spectrum was recorded by measuring the intensity of the beam reflected by the device (see Fig. 2 ). The stop band observed at small wavelengths and the band edge occurring at = 755.7 nm are clearly seen, demonstrating the high quality of the sample. Higher orders of the band edge are also present, as they should indeed occur for finite length gratings.
Diffraction properties of the 2D photonic crystal were analyzed by measuring the diffraction efficiencies in the orders −1 (at a symmetrical angle to that of the read beam) and +1 (observed at the angle +1 = 17°). Results are shown in Fig. 3 by the closed squares and open circles, respectively. Far from band-edge resonance the diffraction efficiency is the same for both orders of diffraction, namely approximately 10 −4 , in good agreement with the value of 1.3ϫ 10 −4 calculated using L =18 m (measured after the recording of the gratings) and ⌬n Y = 0.000 15 (expected from the irradiances used during the inscription of the 2D photonic crystal). On the other hand, as expected, at the band edge of the reflection grating the diffraction efficiency of −1 Bragg order is increased by a factor of approximately 9, while it remains constant for the +1 order. This observation definitely demonstrates the onset of a band-edgeinduced Bragg diffraction in such 2D photonic crystals. In our experiment the ratio between the intensities of −1 and +1 orders of diffraction is only 9, but evidently much higher values are expected using larger values of the refractive-index contrast ⌬n Z and (or) thicker reflection gratings. In the same manner, the diffraction efficiency in the Bragg order remains low due to the very low index contrast of the transmission grating ͑⌬n Y = 0.000 15͒ used in our sample to separate the reflectivity and diffraction efficiency measurements. Obviously, much higher values could be obtained using larger ⌬n Y . It must also be stressed that such a device exhibits two diffracted beams: one in transmission, the other in reflection. This can be easily avoided by adding a mirror at the exit face of the 2D photonic crystal. In such a case diffraction occurs only in reflection, as in the case of intracavity Bragg diffraction, 6, 7 and the diffracted beam that is counterpropagating to the read beam can be entirely retrieved using a polarization beam splitter and a quarter-wave retardation plate for instance.
Examination of Fig. 3 also indicates the presence of a small peak of diffraction around = 750 nm for the +1 order of diffraction. In fact, this small peak is most probably due to a resonance effect at the band edge of the reflection grating for the +1 order diffracted beam, since, owing to a larger emergence angle, the band edge is blueshifted for this +1 order of diffraction.
Another point must be underlined concerning the results of Fig. 3 . The diffraction of the transmission grating of the 2D photonic crystal is wavelength selective with a bandwidth of approximately 2.3 nm (for the same grating alone the diffraction efficiency is nearly constant from 600 to 1000 nm). Such a property could be interesting for multiwavelength optical signal processing, as is needed, for example, in dense wavelength division multiplexing telecommunications.
In conclusion, two orthogonal gratings forming a 2D photonic crystal have been recorded in photopolymers. For such devices, both Bragg operation and diffraction efficiency enhancement were demonstrated for a read beam set at the Bragg angle, which could enhance the diffraction efficiency of thin gratings up to 100% in one diffracted beam. Moreover, a good wavelength selectivity was observed in these devices, contrary to the case of 1D gratings. Evidently, other materials such as liquid crystals or semiconductor nanostructures can be used, which reinforces the usefulness of the device. Finally, due to their improved performance, such devices could be attractive for optical signal processing applications.
